Plant hormones play pivotal roles in growth, development and stress responses. Although it is essential to our understanding of hormone signalling, how plants maintain a steady state level of hormone receptors is poorly understood. We show that mutation of the Arabidopsis thaliana co-chaperone SGT1b impairs responses to the plant hormones jasmonate, auxin and gibberellic acid, but not brassinolide and abscisic acid, and that SGT1b and its homologue SGT1a are involved in maintaining the steady state levels of the F-box proteins COI1 and TIR1, receptors for jasmonate and auxin, respectively. The association of SGT1b with COI1 is direct and is independent of the Arabidopsis SKP1 protein, ASK1. We further show that COI1 is a client protein of SGT1b-HSP70-HSP90 chaperone complexes and that the complexes function in hormone signalling by stabilizing the COI1 protein. This study extends the SGT1b-HSP90 client protein list and broadens the functional scope of SGT1b-HSP70-HSP90 chaperone complexes. P lants utilize two major categories of proteins for hormone perception. Two-component kinases and receptor-like kinases function as receptors for cytokinins, ethylene and brassinosteroids, whereas E3 ubiquitin ligases serve as receptors for auxin, jasmonates and gibberellins 1,2
P lants utilize two major categories of proteins for hormone perception. Two-component kinases and receptor-like kinases function as receptors for cytokinins, ethylene and brassinosteroids, whereas E3 ubiquitin ligases serve as receptors for auxin, jasmonates and gibberellins 1, 2 . Jasmonates (JA) play key roles in modulating defence responses and in regulating growth and development. JA can activate defence responses to fungal pathogens and insects 3 , suppress microbeassociated molecular pattern (MAMP)-triggered innate immunity 4 or promote plant growth and development 5 . JA bioactive forms include methyl jasmonate (MeJA) and jasmonoyl-isoleucine (JA-Ile). Coronatine (COR), secreted by many strains of the bacterial phytopathogen Pseudomonas syringae, is a potent JA-Ile structural mimic 6 . JA-Ile and COR facilitate the interaction between the JA receptor COI1 and jasmonate-ZIM domain proteins (JAZs) 6 . COI1 is a 592-amino acid F-box protein and an integral part of the Skp1-Cullin-F-box SCF COI1 E3 ubiquitin ligase complex. JAZ proteins are negative regulators of JA-responsive transcription factors. JA-COR-mediated binding of COI1 to JAZ proteins leads to polyubiquitination and degradation of JAZ proteins via the 26S proteasome 7, 8 , thus releasing JA-responsive transcription factors such as MYC2 6 . SGT1 (suppressor of G2 allele of skp1), first identified in yeast 9 , is a conserved, essential protein that has been shown to function as a cofactor of heat shock protein 90 (HSP90) in both plants [10] [11] [12] and mammals 13, 14 . SGT1 has an N-terminal tetratricopeptide repeat (TPR) domain, a middle CHORD-Sgt1 (CS) domain that is homologous to the Hsp20/crystalline domain of the human p23 cochaperone proteins, and a C-terminal Sgt1-specific (SGS) domain 15 . HSP proteins are highly conserved molecular chaperones that are involved in the assembly, stabilization and maturation of critical signalling proteins and complexes. The substrates of HSP chaperones, termed 'client' proteins, include hormone receptors, E3 ligases, kinases, transcription factors and Nod-Like immune receptors 16 . In plants, SGT1 associates through its CS domain with the N-terminal ATPase domain of HSP90 and another co-factor, RAR1 (Required for Mla12 Resistance) 17, 18 , respectively. SGT1 and RAR1 assist HSP90 in stabilizing plant disease resistance (R) proteins 10, 17, 19, 20 .
Here we describe the Arabidopsis hsm1 mutant, which harbours a mutation in the SGT1b gene. A combination of genetic, biochemical and pharmacological evidence demonstrates that the JA-COR receptor COI1 is a client protein of SGT1b-HSP70-HSP90 chaperone complexes and that SGT1b-HSP70-HSP90 chaperones play a key role in JA-COR signalling. The auxin receptor TIR1 is also a client protein of SGT1b, and SGT1b is required for auxin as well as gibberellic acid signalling, suggesting that SGT1b plays an important role in stabilizing the E3 ubiquitin ligase receptors in at least three important hormone signalling pathways.
Results
Identification and characterization of the hsm1 mutant. To identify genes involved in jasmonate signalling, we isolated Arabidopsis thaliana mutants insensitive to COR-mediated suppression of flg22-elicited expression of a CYP71A12::GUS transgene in the root elongation zone 4 (Fig. 1a) . Flg22 is a synthetic 22 amino acid peptide corresponding to a conserved epitope of eubacterial flagellin that activates an Arabidopsis immune response via FLS2 21 .
By screening for mutants retaining strong GUS activity during COR and flg22 co-treatment, we isolated 27 loss-of-function hsm (hormone-mediated suppression of MAMP-triggered immunity) mutants as described in Methods. Genetic analyses showed that 9 of these 27 mutants are allelic to COI1 and that one is allelic to MYC2. One of the remaining 17 mutants, hsm1, was insensitive to MeJA-triggered root growth inhibition, similar to the coi1-16 mutant (Fig. 1b) , whereas the other 16 hsm mutants were either hypersensitive or as sensitive as the parental transgenic plant (Supplementary Fig. 1 ). We selected hsm1 for further analysis, reasoning that because hsm1 phenotypically mimics coi1-16, it might be required for maintaining steady state levels of COI.
In contrast to 'wild-type' CYP71A12::GUS roots, hsm1 roots showed strong GUS reporter activity (Fig. 1a) and high levels of CYP71A12 transcript (Fig. 1c) following co-treatment with COR + flg22. In addition, COR-triggered upregulation of the JA-responsive genes SCPL30 and VSP2 and downregulation of the JA-responsive gene WAK2 were substantially diminished in the hsm1 mutant (Fig. 1d ).
hsm1 contains a mutant allele of SGT1b. We used a genome resequencing-assisted approach 22, 23 to map and identify the HSM1 gene. Computational analyses described in Methods showed that the SGT1b gene (At4g11260) was the most likely candidate corresponding to hsm1. In hsm1, a 'C' to 'T' nucleotide change introduces a premature stop codon at position Q251 (Fig. 1e) .
We confirmed allelism between hsm1 and SGT1b by transforming hsm1 with a FLAG epitope-tagged wild-type SGT1b gene (SGT1b-FLAG) and an SGT1b 1-250 -FLAG construct (mimicking the truncated SGT1b protein in hsm1). Expression of the 35S: SGT1b-FLAG transgene, but not the 35S:SGT1b 1-250 -FLAG transgene, complemented the hsm1 mutant (Fig. 1a) . A corresponding T-DNA insertion mutant, GABI_857A04, was also insensitive to COR-mediated suppression of flg22-triggered upregulation of CYP71A12 (Fig. 1c) , COR-mediated upregulation of SCPL30 and VSP2 (Fig. 1d) and COR-mediated downregulation of WAK2 (Fig. 1d) . MeJA-mediated root growth inhibition was also significantly suppressed in GABI_857A04 (Fig. 1b) .
The Arabidopsis genome encodes two SGT1 proteins, SGT1a and SGT1b, which share 77% amino acid identity. In contrast to loss-offunction SGT1b mutants, however, an SGT1a T-DNA insertion mutant, SAIL_162_D04 (Fig. 1e) , was phenotypically indistinguishable from the parental reporter line (Fig. 1b,c) .
sgt1b mutants have low levels of SGT1b protein. Immunoblot analysis showed that SGT1b protein could be readily detected in CYP71A12::GUS plants but was below the detection limit in the hsm1 and GABI_857A04 mutants (Fig. 2a) . SGT1b protein was also readily detected in coi1-1 and coi1-16 mutants, in the sgt1a mutant SAIL_162_D04, and in the transgenic plants described above in which the SGT1b-FLAG construct was expressed from the 35S promoter in the hsm1 mutant background (Fig. 2a) . Interestingly, hsm1(SGT1b 1-250 -FLAG) transgenic plants also accumulated a high level of truncated SGT1b 1-250 -FLAG protein, although the truncated protein does not appear to be active (see Fig. 1a ). Quantitative RT-PCR analysis showed that the transcript levels of SGT1b, but not SGT1a, were greatly reduced in the hsm1 and GABI_857A04 mutants (Fig. 2b) , suggesting that SGT1b plays a role in SGT1b transcription. sgt1b mutants contain low levels of COI1 protein. Due to the fact that SGT1b is a known co-factor of heat shock protein chaperones, we reasoned that COI1 may be a client protein of SGT1b-HSP complexes. Indeed, significantly lower levels of COI1 protein were detected in hsm1 and GABI_857A04 (Fig. 2a) . Stable transgenic expression of SGT1b-FLAG, but not SGT1b 1-250 -FLAG, in the hsm1 mutant background restored COI1 protein levels (Fig. 2a) . Consistent with the lack of a discernible JA phenotype in sgt1a mutants (Fig. 1b,c) , COI1 protein accumulated to wild-type levels in the sgt1a SAIL_162_D04 mutant (Fig. 2a) . Quantitative 
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Figure 1 | The hsm1 mutant is allelic to the SGT1b gene and is defective in JA-COR responses. a, GUS staining in the CYP71A12::GUS reporter line, the hsm1 mutant, and the hsm1 mutants expressing SGT1b-FLAG and SGT1b -FLAG transgenes. b, MeJA-mediated root growth inhibition. Seedlings were grown vertically on MS agar plates supplemented with 20 μM MeJA and root lengths were measured 7 days after sowing. Data are represented as mean ± s.e.m. of a minimum of 15 seedlings. The two-tailed Student's t-test was used to compare means between the CYP7A12::GUS reporter line and the mutants. *P < 0.05, **P < 0.01. c, Transcript levels of the CYP71A12 gene in roots were measured 6 h after treatment with COR (0.5 μM), flg22 (100 nM), or both. Data are represented as mean ± s.e.m. of a minimum of 30 roots. **P < 0.01, ***P < 0.001. d, Transcript levels of three JA-COR-responsive genes, SCLP30 (At4g15100), VSP2 (At5g24770) and WAK2 (At1g21270), in roots 6 h after treatment with 0.5 μM COR. **P < 0.01, ***P < 0.001. All experiments were repeated at least twice with similar results. e, Schematic diagrams of SGT1b and SGT1a genes and T-DNA mutants. Boxes represent exons and horizontal lines represent introns. RT-PCR analysis showed that COI1 transcript levels were roughly the same in the parental reporter line, coi1 mutants, the sgt1a mutant and sgt1b mutants (Fig. 2b) . Collectively, these results suggest that SGT1b is required for maintaining COI1 stability, but not for COI1 transcription.
SGT1a is also involved in stabilizing COI1. The residual levels of COI1 protein detected in hsm1 and GABI_857A04 plants (Fig. 2a ) may be due to the SGT1a protein, a close homologue of SGT1b. However, the embryonic lethality of an sgt1b sgt1a double mutant 24 makes it difficult to test this hypothesis directly. We therefore examined COI1 protein levels after transiently knocking down both SGT1b and SGT1a in Arabidopsis mesophyll protoplasts using a pair of artificial microRNAs (amiRNAs) ( Supplementary Fig. 2a ). Unexpectedly, when we transfected a COI-HA construct in which COI1-HA is expressed from the native COI1 promoter, we found approximately equal levels of COI1-HA protein in CYP71A12::GUS and hsm1 protoplasts ( Supplementary Fig. 2b ). However, co-transfection of protoplasts with the COI1-HA construct plus the SGT1-amiRNAs significantly reduced COI1-HA levels ( Supplementary Fig. 2b ), suggesting that in mesophyll protoplasts, both SGT1a and SGT1b play significant roles in stabilizing COI1 protein.
An alternative explanation to the reduction of COI1 protein levels observed in sgt1b mutants ( Fig. 2a and Supplementary  Fig. 2b ) is reduced translation of COI1 mRNA. However, this seems unlikely because COI1 levels dropped in protoplasts in which protein synthesis was blocked with cycloheximide and in which SGT1a and SGT1b were knocked down with amiRNAs ( Supplementary Fig. 2b ), suggesting that in the absence of the SGT1 proteins, the COI1 protein synthesized before the cycloheximide treatment is unstable.
COI1 associates with SGT1b, HSP70 and HSP90 in planta. If COI1 is a client of SGT1b-HSP chaperone complexes, we reasoned that COI1 should co-immunoprecipitate (co-IP) with SGT1b. We used the stable transgenic plants described above expressing SGT1b-FLAG or SGT1b 1-250 -FLAG in the hsm1 mutant background for co-IP experiments. We readily detected SGT1b-FLAG protein following immunoprecipitation using anti-COI1 antibody of lysates from the roots of SGT1b-FLAG transgenic plants (Fig. 3a) , demonstrating in planta association of COI1 with SGT1b. We also found that both SGT1b-FLAG and SGT1a-FLAG co-immunoprecipitated with COI1-HA in protoplast lysates (Fig. 3b) .
In contrast to full-length SGT1b-FLAG, SGT1b 1-250 -FLAG was not co-immunoprecipitated with COI1 in root extracts, even though the truncated SGT1b-FLAG protein accumulated to a comparable level as SGT1b-FLAG ( Fig. 3a ; see Input by α-FLAG) and a significant amount of COI1 was immunoprecipitated (Fig. 3a , see IP by α-COI1). SGT1b 1-250 -FLAG, as well as a second truncated SGT1b protein (SGT1b 1-323 -FLAG) that contains a 36 amino truncation 25 , also failed to be co-immunoprecipitated with COI1-HA in mesophyll protoplasts (Fig. 3b , co-IP). Similarly, in co-IP assays in protoplast lysates in which the HA and FLAG tags were swapped between COI1 and SGT1b, COI1-FLAG was not co-immunoprecipitated by SGT1b 1-250 -HA or SGT1b 1-323 -HA (Fig. 3c) . The premature stop codon in SGT1b in hsm1 lies in the middle of a flexible hinge region connecting the middle CS domain and the C-terminal SGS domain of SGT1b protein. Therefore the entire SGS domain is absent in truncated SGT1b and is incomplete in SGT1b , suggesting that the SGT1b SGS domain is required for COI1 binding.
Because SGT1b associates with COI1 ( Fig. 3a-c ) and because previous work has shown that SGT1b associates with HSP90 10, 17, 19, 20 , we reasoned that HSP90 might also associate with COI1. However, COI1 associated to a much lesser extent with HSP90(s) than with COI1 in root extracts and the low level of co-immunoprecipitated HSP90(s) was independent of SGT1b ( Fig. 3a) . This may be due to the dynamic and transient association of HSP90 with its client proteins, as previously reported 16 , rather than a lack of COI1-HSP90 association. In support of the latter conclusion, when COI1-HA and one of the four cytosolic HSP90s, HSP90.2-FLAG, were transiently overexpressed in mesophyll protoplast lysates, a strong association between COI1-HA and HSP90.2-FLAG was observed (Fig. 3b) .
To identify additional proteins that associate with SGT1b, we carried out mass spectrometric analyses of proteins co-immunoprecipitated with SGT1b-FLAG (and SGT1b 1-250 -FLAG as a control) in mesophyll protoplasts. In addition to the expected HSP90 family proteins, we identified a number of HSP70 family proteins as the most abundant interactors (Supplementary Table 1) , consistent with a previous study in which SGT1b co-immunoprecipitated with HSP70 proteins in Arabidopsis 24 . No HSP70 proteins were coimmunoprecipitated by SGT1b 1-250 -FLAG (Supplementary Table 1 ). We confirmed that SGT1b but not SGT1b 1-250 interacts with HSP70s by showing co-IP of one of the five cytosolic HSP70s, HSC70-1-FLAG and SGT1b-HA in Arabidopsis protoplasts (Fig. 3c) .
The finding that SGT1b associates with HSP70 proteins prompted us to test whether COI1 associates with HSP70. Indeed, we observed a strong in planta association of COI and HSP70s in SGT1b-FLAG transgenic roots and a weaker association in 1-250 -FLAG transgenic roots (Fig. 3a) . The association between COI1-HA and HSC70-1-FLAG was confirmed via co-IP in protoplast lysates (Fig. 3b) . Taken together, these results show that COI1 associates with and is a client protein of SGT1b-HSP70-HSP90 complexes.
SGT1b domains involved in SGT1b-COI1-HSP complex formation. To gain insight into the specific domains of SGT1b involved in the formation of SGT1b-COI1-HSP complexes, we examined COI1-SGT1b and SGT1b-HSP interactions in protoplasts using mutant SGT1b proteins containing single amino acid changes in various domains. We tested three SNPs in the middle CS domain and three SNPs in the C-terminal SGS domain of SGT1b that were reported previously to abolish SGT1b-HSP90 association 17 . The amino acid substitutions in the CS domain, Q166R, G190D and C221R, had no effect on SGT1b-HA and COI1-FLAG association, whereas the mutations in the SGS domain, R316G, E325V and T329M, significantly diminished the association (Fig. 3d) . The SGS domain is also required for association with HSC70-1-FLAG (Fig. 3d) , consistent with our findings (Fig. 3c) and a previous report 24 . In contrast, the CS domain is required for association with HSP90 and RAR1 (Fig. 3d) , which is also consistent with a previous report 17 .
SGT1b is involved in auxin and gibberellic acid, but not brassinosteroid and abscisic acid signalling. Previous studies have shown that similarly to JA-COR (Fig. 1) , other plant hormones, including auxin and brassinolide, can block MAMPmediated signalling [26] [27] [28] . Indeed, we found that auxin (indole-3-acetic acid, IAA), gibberellic acid (GA), brassinolide (BL) and abscisic acid (ABA) to various extents block flg22-mediated activation of CYP71A12::GUS in Arabidopsis roots (Fig. 4a) .
Consistent with previous work that suggested a role for SGT1b in auxin signalling 25 , we found that hsm1 retained strong GUS reporter activity upon IAA + flg22 co-treatment (Fig. 4a) , and that hsm1 and GABI_857A04 are impaired in an IAA-mediated root growth inhibition response (Fig. 4b) and in IAA-mediated suppression of flg22-triggered CYP71A12 expression (Supplementary Fig. 3 ). Auxin signalling is mediated by an F-box protein, TIR1, which is evolutionarily related to and functionally analogous to COI1 29 . TIR1 is required for the IAA-mediated suppression of flg22-elicited activation of CYP71A12 (Supplementary Fig. 3) . We reasoned that TIR1 may also be a client protein of SGT1b-HSP90-HSP70 complexes. Indeed, SGT1b-FLAG, SGT1a-FLAG, HSC70-1-FLAG and HSP90.2-FLAG were co-immunoprecipitated by TIR1-HA in mesophyll protoplast lysates (Fig. 3b) . In addition, knocking down SGT1b and SGT1a levels reduced TIR1-HA levels in protoplasts ( Supplementary Fig. 4) .
Importantly, hsm1 mutant roots also retained strong CYP71A12::GUS reporter activity following co-treatment of flg22 + GA, but not co-treatment of flg22 with BL or ABA (Fig. 4a) . Like JA-COR and IAA, but in contrast to BL and ABA, GA also relies on an Arabidopsis F-box protein, SLY1, for perception 30 . These data suggest that SGT1b is broadly involved in responses to hormones that utilize F-box proteins as receptors. However, SGT1b does not appear to be involved in brassinolide signalling. BL exhibited an inhibitory effect on root growth in both wild-type and sgt1b mutant seedlings but did not inhibit root growth in a bak1-4 mutant, which is known to be impaired in BL signalling (Fig. 4b) . Similarly, BL had a modest but significant effect in blocking flg22-mediated activation of CYP71A12 in both wild-type and sgt1b mutants, but not in a bak1-4 mutant ( Supplementary  Fig. 3) , consistent with the data in Fig. 4a .
Association of SGT1b and COI1 is independent of the Arabidopsis SKP1 protein, ASK1. The fact that SGT1b is involved in stabilizing two F-box hormone receptors, COI1 and TIR1, and possibly SLY1, raises the possibility that SGT1b might associate with these F-box proteins indirectly by interacting with ASK1, the SKP1 protein in Arabidopsis. To examine this, we used a set of loss-offunction coi1 alleles to examine their association with SGT1b and ASK1. The COI1 variants examined included coi1-16 (L245F) as well as five coi1 alleles identified in the genetic screen that yielded hsm1.
Although the coi1-16 mutant accumulates a very low level of mutant COI1 protein in planta (Fig. 2a) , the corresponding COI1
L245F
-HA construct accumulated to relatively high levels in mesophyll protoplast lysates, as did the five other COI1 SNP variants (Fig. 4c, IP) . SGT1b-FLAG associated with COI1 
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-HA (Fig. 4c) , suggesting that the N-terminal half of the LRR domain of the COI1 protein is required for association with SGT1b-FLAG. ASK1-FLAG associated with COI1 (Fig. 4d) . Interestingly, although COI1 R71Q -HA associated strongly with SGT1b-FLAG, there was no detectable association between COI1 R71Q -HA and ASK1-FLAG, suggesting that COI1-SGT1b association is direct. Moreover, ASK1-HA only weakly associated with SGT1b-FLAG, SGT1b
1-323 -FLAG and SGT1a-FLAG (Fig. 4d) , suggesting that ASK1-SGT1b association is mediated indirectly by COI1-like F-box proteins or HSP90.
HSP70 and HSP90 play a role in JA-COR responses. Having established that COI1 associates with SGT1b-HSP70-HSP90, we studied the biological relevance of HSPs in JA-COR responses using two independent RNAi knockdown lines, RNAi-A1 and RNAi-C1, in which cytosolic HSP90 genes are non-specifically targeted and HSP90 transcript levels are significantly reduced 31 . Both RNAi-A1 and RNAi-C1 accumulated modestly lower levels (approximately two-fold, but statistically significant) of SCPL30 and VSP2 transcripts and slightly higher WAK2 transcript upon COR treatment in roots compared to the parental reporter line (Fig. 5a) .
We also inactivated HSP90 and HSP70 activity with specific inhibitors, including geldanamycin (GDA), a specific inhibitor of HSP90s. Pretreatment with GDA for 30 min, compared to simultaneous treatment or to 2-hour or overnight pretreatments with GDA, had an optimal effect on reducing SCPL30 and VSP2 and modestly increasing WAK2 transcript levels in roots (Fig. 5b,  Supplementary Fig. 5 ). Similar results were obtained with pretreatment by Ver155008, an inhibitor of HSP70 activity (Fig. 5b) .
Immunoblotting revealed that COI1 protein levels noticeably decreased 30 and 60 min after GDA and Ver155008 treatments before returning to normal levels after 2 h (Fig. 5c ). This correlates well with the time window of GDA pretreatment effects on SCPL30 and WAK2 expression (Supplementary Fig. 5 ), suggesting that HSP and WAK2 in roots of HSP90 RNAi-A1 and RNAi-C1 lines 6 h after treatment with 0.5 μM COR. Data are represented as mean ± s.e.m. of a minimum of 30 roots. *P < 0.05, **P < 0.01. b, Transcript levels of SCPL30, VSP2 and WAK2 in CYP71A12::GUS roots after a 30 min pretreatment with 20 μM GDA followed by treatment with 0.5 μM COR. Roots were harvested 6 h after COR treatment. Data are represented as mean ± s.e.m. of a minimum of 30 roots. *P < 0.05. c, Immunoblot analyses of COI1 protein levels in roots of the CYP71A12::GUS reporter line after treatment with 25 μM GDA or 100 μM Ver55008. Roots were harvested at the times indicated. Numbers on the sides of the blots are protein markers in kDa. d, MeJA-mediated root growth inhibition in roots. Seedlings were grown vertically on MS agar plates supplied with 20 μM MeJA, 25 μM GDA or 50 μM Ver155008 and root lengths were measured 7 days after sowing. Data are represented as mean ± s.e.m. of a minimum of 15 seedlings. *P < 0.05, **P < 0.01. All experiments were repeated twice with similar results.
proteins function in JA-COR responses by directly affecting COI1 protein levels. In a root growth inhibition assay, GDA treatment mitigated MeJA-mediated inhibition of root growth in the CYP71A12::GUS reporter line (Fig. 5d) . The mitigation also occurred in hsm1 and GABI_857A04 mutants, but to a lesser extent (Fig. 5d ).
Discussion
SGT1b is required for JA, IAA and GA responses in plants. Previous genetic studies suggested that SGT1b is required for jasmonate and auxin hormone responses in plants 24, 25, 32 , although the underlying molecular mechanisms were not addressed. In this study, we combined biochemical and genetic approaches to demonstrate that COI1 stability is compromised in sgt1b mutants, that COI1 associates with SGT1b in vivo, and that the diminution of JA-COR responses in sgt1b mutants directly correlates with reduced COI1 stability. We also show that TIR1, like COI1, associates with SGT1b (Fig. 3b,c) and that SGT1b stabilizes TIR1 in protoplast lysates ( Supplementary Fig. 4 ). In addition, we made the unexpected discovery that IAA and GA, similarly to JA-COR, block flg22-mediated signalling in an SGT1b-dependent manner. In contrast, SGT1b does not appear to be involved in brassinosteroid and ABA signalling. Collectively, these results suggest that SGT1b plays a broad and essential role in plant hormone signalling pathways that involve F-box proteins and E3 ubiquitin ligases such as COI1 and TIR1 as components of hormone receptor complexes.
hsm1 and GABI_857A04 do not resemble coi1 null alleles. Although our data show that SGT1b is required to maintain COI1 protein stability, hsm1 and GABI_857A04, have less severe phenotypes than coi1 null alleles such as coi1-1 and coi1-16, which are completely defective in JA-COR responses [33] [34] [35] . The absence of stable COI1 protein in coi1-1 and coi1-16 (Fig. 2a) is consistent with their null phenotypes. In contrast to coi1-1 and coi1-16 mutants, hsm1 and GABI_857A04 are indistinguishable from wild-type plants with respect to fertility, trichome development and anthocyanin accumulation (data not shown), similar to leaky coi1 mutants 36 , which is most likely attributable to residual levels of COI1 protein (Fig. 2a) . Because SGT1a can stabilize COI1 and TIR1 proteins in protoplasts similarly to SGT1b ( Supplementary Fig. 4) , it is likely that SGT1a is responsible for maintaining residual COI1 levels in sgt1b mutants. Notably, because sgt1b mutants have residual levels of COI1 activity, they can be used to identify branches of the JA signalling network that require higher or lower levels of COI1 protein. In other words, JA-COR-mediated suppression of flg22 responses and root growth inhibition apparently require high levels of COI1 protein because they are impaired in sgt1b mutants, whereas JA-COR-mediated fertility, trichome development and anthocyanin accumulation only require very low levels of COI1 activity and are normal in sgt1b mutants.
HSP chaperones are required for JA-COR responses. A notable function of HSP chaperones in plants is the stabilization of R proteins. Several R proteins can be co-immunoprecipitated with HSP90, including the Arabidopsis RPM1 10 , the tobacco N 12 and the barley MLA1 and MLA6 proteins 37 . Recent studies have also shown that the Arabidopsis F-box proteins Zeitlupe and FKF1, involved in flowering time regulation 11, 38 , and the Arabidopsis transcription factor BES1, involved in BR signalling 39 , are also HSP90 clients. Here we show that both HSP70 and HSP90 play important roles in JA-COR responses. Knockdown of HSP90 levels via RNAi reduced the transcript levels of the JA-COR upregulated genes SCPL30 and VPS2 (Fig. 5a) . Pretreatment with the HSP90 inhibitor GDA or the HSP70 inhibitor Ver155008 significantly attenuated COR-triggered gene induction and root growth inhibition, respectively (Fig. 5b,d ).
These biochemical and pharmacological studies suggest that COI1 is a client protein of SGT1b-HSP70-HSP90 chaperone complexes. Given the facts that the auxin and JA receptors TIR1 and COI1, respectively, function analogously to F-box proteins, that SGT1b is required for auxin signalling (Fig. 4a,b ) 25 , and that TIR1 also associates with SGT1b-HSP70-HSP90 complexes (Fig. 3b) , it is likely that HSP70 and HSP90 also play important roles in stabilizing TIR1 as they do in stabilizing COI1. More generally, it appears that SGT1b may be more specific than HSP90 with respect to its clients. That is, HSP90 functions broadly in many hormone pathways, including the BR pathway 39 , whereas SGT1b only appears to be required for the hormone pathways that utilize F-box proteins as receptors.
Methods
Plant materials, growth conditions and chemical treatments. Arabidopsis plants included in this study are in the Columbia (Col-0) background. For most experiments, seedlings were grown in 6-well or 12-well plates in 1X liquid MS medium (pH 5.7) supplemented with 0.5% sucrose and 0.5 g l −1 MES hydrate. Seedlings were grown in a growth chamber at 22°C under 16 h of light with a light intensity of 100 μE. The medium was exchanged on day 8 and experiments were performed on day 10 by directly adding 100 nM flg22, 0.5 μM COR, 0.5 μM IAA, 1 μM BL, 25 μM GDA or 50 μM Ver15508 as indicated. To separate roots from the shoots, sterilized seeds were sown onto pre-cut, autoclaved polypropylene mesh (9275T8, McMaster-Carr Inc.). For root growth inhibition assays, sterilized seeds were sown onto 1X MS medium solidified with 8 g l −1 phytoagar containing 0.5% sucrose, 20 μM MeJA, 0.5 μM IAA, 1 μM BL, 25 μM GDA or 50 μM Ver15508 as indicated. Seedlings were grown by orienting the plates vertically in a growth chamber. The GABI_857A04 line was ordered from the GABIKat seed stock centre and the SAIL_162_D04 line was ordered from the Arabidopsis Biological Resources Center and confirmed by genotyping according to the Center's instructions.
Genome resequencing-assisted mapping and cloning of HSM1. The HSM1 (SGT1b) gene was cloned following a genome resequencing-assisted mapping and cloning procedure for EMS mutants 22, 23 . Briefly, hsm1 was outcrossed to Ler to yield an F1 hybrid, followed by self-fertilization to produce F2 segregants. A total of 89 F2 segregants (66 homozygous and 23 heterozygous for the GUS reporter gene) were selected on the basis of retained GUS reporter activity in roots following COR and flg22 co-treatment. Genomic DNA from these 89 segregants was extracted, pooled and subjected to library preparation for Illumina-based nextgeneration sequencing 23 . Paired-end sequencing was carried out in one lane of an Illumina Hi-seq machine. In total, 52,236,571 reads were obtained and aligned to the Col-0 reference genome. By implementing a suite of biocomputational programmes 23 , an enrichment of Col-0 SNPs, that is corresponding to the enrichment of the hsm1 mutation, was observed in the bottom arm of chromosome 4 spanning a region of 6.8 to 6.9 million base pairs in AGI coordinates, thereby delimiting the causal hsm1 mutation. Further sequence analyses revealed a single candidate gene with a 'C' to 'T' nucleotide change in the coding region of the SGT1b gene and this nucleotide change was confirmed by Sanger sequencing.
Co-immunoprecipitation and protein blot analyses. For co-IP analysis using root tissue, about 200-300 mg of roots were ground in liquid N 2 into a fine powder and resuspended in 500 μl IP buffer containing 50 mM HEPES-KOH, pH 7.4, 10 mM EDTA, 25 mM sucrose, 5% glycerol supplied with 2 mM DTT, 100 nM PMSF and 1 tablet of EDTA-free protease inhibitor cocktail (Roche) per 10 ml buffer. The lysate was briefly cleared by centrifugation in a microfuge at maximum speed at 4°C for 10 min. The supernatants were pre-cleared by incubating with 30 μl IgG agarose beads (Sigma-Aldrich) at 4°C for 2 h followed by incubation with 30 μl Protein A magnetic beads (New England Biolabs) at 4°C for 2 h. Pre-cleared lysates were incubated with 25 μl of anti-COI1 antibody (AgriSera) at 4°C for 4 h followed by three washes with IP buffer containing 50 mM HEPES-KOH, pH 7.4, 10 mM EDTA and 100 mM NaCl. The beads were finally resuspended in 50 μl 2X SDS sample buffer.
Co-IP with protoplast lysates was performed as described previously 40 . Briefly, harvested protoplasts were resuspended in 0.5 ml IP lysis buffer (25 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% Triton X-100 supplemented with 1 tablet of EDTA-free protease inhibitor cocktail (Roche) per 10 ml buffer). The cells were lysed by vigorous vortexing for 40 s followed by centrifugation in a microfuge at maximum speed for 10 min at 4°C. The supernatant was incubated with 10 μl magnetic anti-HA beads (Thermo Fisher Scientific) for 3 h at 4°C followed by three washes with IP lysis buffer. The beads were finally resuspended in 50 μl 2X SDS sample buffer.
Immunoblot assays were performed following standard procedures. Samples were separated on NuPAGE 4-12% Bis-Tris protein gels (Invitrogen), transferred onto PVDF membrane (Fisher Scientific), and blocked in TBS-T buffer with 5% non-fat dry milk at room temperature for 1-2 h. Blots were incubated with primary antibody in TBS-T buffer with 5% non-fat dry milk at 4°C overnight. The antibodies included in this study are α-SGT1b (this study), α-COI1 and α-HSP70 (AgriSera), α-HSP90 (Santa Cruz), α-FLAG (Sigma-Aldrich), α-HA (Roche) and α-HistoneH3 (Abcam).
Protoplast preparation and transfection. Preparation of mesophyll protoplasts has been described previously 40 . 50 μg of each HA-and FLAG-tagged plasmid or empty vector was used to co-transfect 0.5 ml protoplast lysates. Protoplast cells were harvested 12 h after transfection for co-IP assays. For measuring COI1-HA and TIR1-HA levels after knocking down SGT1b and SGT1a in protoplasts, 24 μg plasmid DNA corresponding to each of the two SGT1-specific amiRNAs (see Supplementary Table 2 for sequences), 1 μg COI1-HA or TIR1-HA, or SGT1b-HA or SGT1a-HA plasmid, and 1 μg GFP-HA plasmid were used to co-transfect 0.5 ml mesophyll protoplasts, and protoplasts were harvested 24 h after transfection. For CHX treatment in protoplasts, 50 μg plasmid DNA corresponding to each of the two amiRNAs or 100 μg COI1-HA was used to transfect 1 ml of mesophyll protoplasts. After 12 h, 10 μM CHX was added to the transfected protoplasts and the protoplasts were harvested after 1 h.
